Introduction
============

Female age is the single most important variable in the determination of pregnancy outcomes, for advanced reproductive technologies as well as unassisted conceptions. Because *in vitro* fertilization (IVF) cycles using eggs donated from younger to older women sidestep the constraints of age on pregnancy outcome, oocyte quality is the true driver of reproductive outcome. Experience with nuclear transfer procedures has further confirmed that the so-called biological clock rests with the egg nucleus, not the cytoplasm \[[@b1-cerm-2019-03405]\]. Since chromosomal competency of embryos is central to healthy pregnancy from IVF, it is not surprising that the highest-quality embryos (i.e., those most likely to implant) tend to be produced from eggs obtained from optimally-perfused ovaries \[[@b2-cerm-2019-03405],[@b3-cerm-2019-03405]\]. But how might the efficacy of perfusion be modified to improve the therapeutic response to assisted fertility treatments?

Platelets are small cytoplasmic cell bodies released by megakaryocytes following local injury or other physiological triggers. Traditionally considered to be first responders orchestrating hemostasis, platelets have gained renewed attention for their roles in tissue repair, neovascularization, and immunomodulation \[[@b4-cerm-2019-03405]\]. Within the platelet interior are alpha granules containing numerous growth factors, which play central roles in tissue remodeling and repair. Plateletrich plasma (PRP) has diverse clinical uses via the placement of supraphysiological concentrations of autologous growth factors at injury sites \[[@b5-cerm-2019-03405]\]. The use of PRP in the context of reproduction was first described by Pantos et al. \[[@b6-cerm-2019-03405]\]. In that report, a group of eight poor-prognosis infertility patients underwent laparoscopic intraovarian injection of PRP followed by IVF, resulting in pregnancy after thawed embryo transfer derived from non-donor oocytes. Treatment methods changed somewhat after the first registered clinical trial of intraovarian PRP, and further potential modifications and improvements continue to be investigated.

The current report aims to build on information describing PRP use in other clinical contexts and to introduce this process for reproductive endocrinology. Although a limited number of publications describing outcomes following ovarian PRP exist from small series and early case reports, no unifying theory to explain such observed reproductive effects has yet been established. Here, a novel mechanism of action is proposed based on preliminary findings after intraovarian injection of autologous activated platelet-derived growth factors.

Representative technique
========================

1. Baseline evaluation
----------------------

A welcome packet containing instructions and relevant medical literature should be sent to each patient prior to her appointment. Seven to 10 days before planned treatment, ovarian reserve is estimated by assessing levels of serum anti-Müllerian hormone (AMH), folliclestimulating hormone (FSH), and estradiol (E~2~). Additionally, general metabolic status is assessed by measuring the patient's thyroid-stimulating hormone level and taking a complete blood count (including a platelet count) as well as measuring fasting prolactin, insulin, and plasminogen activator inhibitor-1 levels. Regarding chronic pathologies, the patient must be medically cleared for intraovarian PRP injection (and possible IVF and pregnancy, where appropriate). For any patient with a body mass index of ≥ 30 kg/m^2^ or a history of inadequate ovarian imaging, pelvic ultrasonography is recommended to ensure that both ovaries can be visualized and safely accessed via a transvaginal approach. Patients should be apprised of any likely difficulty in completing injection into one or both ovaries and written informed consent should be obtained before undergoing this investigational procedure.

2. Sample preparation and ovarian injection
-------------------------------------------

Approximately 10 mL of blood is collected via peripheral venipuncture using a 21-G butterfly catheter affixed via a vacutainer to negative-pressure receiving tubes (Regen Lab, Le Mont-sur-Lausanne, Switzerland). Labeled samples are centrifuged at 1,500 *g* ×5 minutes \[[@b7-cerm-2019-03405]\]. After centrifugation, the blood is fractionated, with erythrocytes trapped below the gel and lower-density components stratified above the surface of the separator plug. Next, \< 3 mL of supernatant (corresponding to the relatively platelet-poor plasma fraction) is aspirated off the top of each column, after which the vial is recapped for resuspension by gentle inversion. PRP activation is achieved with calcium gluconate, similar to previously-published protocols \[[@b7-cerm-2019-03405],[@b8-cerm-2019-03405]\]. In brief, syringes are used to divide activated samples into two equal leukocyte-poor portions and are then attached to a 35-cm single-lumen 19-G needle assembly (Rocket Medical, Washington, UK). This apparatus could be adjusted (Rickers' modification) for office PRP administration by bypassing the collection port to allow direct injection into the ovarian stroma under transvaginal ultrasound guidance. The ovaries should be aligned with the needle guide to avoid intervening vascular or other structures; the needle should then be quickly advanced without rotation deep into the central ovary. Once tip placement is confirmed, the activated PRP sample is introduced by slowpush injection as the needle is slowly withdrawn. The final 1 mL of the sample is deposited just under the ovarian capsule as the needle clears the ovary. After bilateral injection of activated PRP, an ultrasound assessment is performed to ensure vascular integrity and the absence of free pelvic fluid, as is done after IVF oocyte retrieval. No sedation or anesthesia is required for the ovarian injection, which can be completed in under 7 minutes. After the procedure, each patient should be asked to rest for about 15 minutes, and vital signs should be checked again before discharge.

3. Posttreatment assessment
---------------------------

To document ovarian response after intraovarian PRP injection, patients should undergo periodic testing for serum AMH, E~2~, and FSH at approximately 2- to 4-week intervals. The original clinical trial enrolled menopausal or peri-menopausal patients in whom serum FSH and E2 could be measured randomly, without respect to the day of the cycle. This testing schedule should be adjusted when patients who were acyclic at study entry begin menstruating after ovarian PRP. In those cases, we recommend testing on cycle day 2 or 3 (for FSH and E~2~) and retesting 2 weeks later. Limited data on serum AMH or FSH responsiveness following PRP dosing are currently available. However, when improvements in ovarian reserve (i.e., increased AMH or decreased FSH) are measured on two consecutive tests, patients should be contacted and encouraged to consider IVF treatment while the AMH level is still elevated relative to baseline.

Discussion
==========

1. Ovarian hypoperfusion
------------------------

The connection between ovarian oxygenation and oocyte-related factors was clarified when perifollicular vascularity measured by color Doppler ultrasonography was correlated with intrafollicular dissolved oxygen content via analysis of follicular fluid obtained during egg collection for IVF. Not surprisingly, ovarian perfusion closely matches the intrafollicular oxygen level, and follicles with the lowest dissolved oxygen levels most often produce oocytes with cytoplasmic and chromosomal disorders \[[@b2-cerm-2019-03405],[@b3-cerm-2019-03405]\]. Furthermore, this disruption appears to persist downstream, such that the embryos most likely to implant originate from follicles that were well-vascularized and the most highly oxygenated \[[@b2-cerm-2019-03405],[@b3-cerm-2019-03405]\]. A hypoxic microenvironment thus places undesirable stress on ovarian function in general and oocyte physiology in particular.

Allied research in gerontology, nutrition, lipid/free-radical chemistry, and regenerative medicine has given new insights into how this might work. Kim et al. \[[@b9-cerm-2019-03405]\] were the first to link improved follicular perfusion with better IVF outcomes, and it seems plausible that low oxygen saturation in the follicular fluid of older and poorly perfused ovaries could amplify various local cell death pathways, promoting apoptosis and necrosis. Indeed, disordered endothelial function in polycystic ovaries is associated with microvascular dysfunction and an inhibited vasodilatory response \[[@b10-cerm-2019-03405]\], likewise leading to relatively poor outcomes. Curtailing the nutrient supply to the follicle can result in the production of reactive oxygen species (ROS), with implications for the health of both granulosa cells and oocytes.

2. Oxidative stress
-------------------

The corrosive impact of intrafollicular ROS is difficult to overstate, extending to interference with meiotic spindle formation, which is notably attenuated and sometimes lacking entirely \[[@b11-cerm-2019-03405]\]. Experimental work with animal oocytes *in vitro* has shown that oxidative stress is linked to altered DNA methylation, early apoptosis, and the disruption of critical regulators of meiosis and fertilization \[[@b12-cerm-2019-03405]-[@b14-cerm-2019-03405]\]. ROS cutoff levels in the follicular fluid have been calculated for selected developmental benchmarks, and a threshold value appears to exist above which viable embryo formation is not favorable \[[@b15-cerm-2019-03405]\]. Even for patients not seeking pregnancy, hypoxia-mediated germ cell depletion is relevant, as it may also hasten the onset of menopause \[[@b16-cerm-2019-03405]\]. Although the full set of effects of reduced vascular flow, limited ovarian perfusion, and insufficient follicular oxygen on reproductive pathology awaits additional study, any therapy aiming to improve ovarian vascularity could represent a useful intervention. It is with this understanding that intraovarian injection of platelet growth factors was developed.

While younger eggs can utilize a range of molecular mechanisms to ameliorate oxidative damage and thus conserve germline fidelity, oocyte senescence is characterized by the blunted clearance of ROS, decreased DNA repair, reduced sensitivity of the spindle assembly checkpoint, and decreased capacity for protein repair and degradation \[[@b17-cerm-2019-03405]\]. Thus, any degree of age-related ovarian hypoperfusion further hampers the older oocyte's already-enfeebled ability to mitigate such microstructural damage.

One relatively new and highly specialized clinical setting that reveals the role of properly perfused ovarian tissue is among cancer patients who undergo surgical ovarian tissue reattachment. Graft survival hinges on reestablishing adequate vascular support, and optimization of the functional capacity of frozen-thawed ovarian tissue autografts is required for surgery to succeed. This is because cryopreserved implants are expected to sustain considerable tissue ischemia until capillary perfusion is restored after thawing, and this ischemia causes significant follicular loss not unlike that which occurs in benign ovarian aging. In 2013, successful adnexal injection of plateletderived growth factors (via PRP) was reported for posttransplant neogenesis to boost the viability of ovarian tissue autografts \[[@b18-cerm-2019-03405]\]. PRP was later shown to prevent ischemia and reperfusion damage \[[@b19-cerm-2019-03405]\]. Application of platelet-derived growth factors to help achieve necessary blood flow for grafted ovarian tissue closely aligns with PRP use prior to fertility treatment, where avoidance of low oxygen perfusion is also desired.

Platelet-derived growth factors
===============================

1. Nuclear effects
------------------

Growth factors released by platelets modulate tissue regeneration, cell proliferation and migration, extracellular matrix remodeling, programmed cell death, differentiation, and angiogenesis \[[@b20-cerm-2019-03405]\]. After ovulation, platelets help coordinate local tissue repair from capsular microtrauma in the adult human ovary and likely also exert wider effects on tissue remodeling \[[@b21-cerm-2019-03405]\]. Preliminary evidence supports the use of intraovarian injection of autologous PRP in managing reduced ovarian reserve \[[@b22-cerm-2019-03405],[@b23-cerm-2019-03405]\]. Such successful cases could be explained by the intraovarian release of many soluble mediators that trigger or facilitate angiogenesis, including vascular endothelial growth factor, basic fibroblast growth factor, platelet-derived growth factors, transforming growth factor, platelet-derived angiogenesis factor, and epidermal growth factor, as well as several interleukins and insulin-like growth factor \[[@b24-cerm-2019-03405],[@b25-cerm-2019-03405]\].

However, if the ovarian perfusion dynamic configured by this array of platelet-derived growth factors merely amplifies the number of oocytes retrieved from aged ovaries, then nothing clinically meaningful is achieved when genetic imbalances persist in all eggs collected. This critique was only contradicted when research was published suggesting that platelet-derived growth factors could enable what was termed "ploidy rescue" for human embryos \[[@b26-cerm-2019-03405]\]. It was hypothesized that the injection of autologous growth factors delivered angiogenic inputs to dormant ovarian tissue, and the associated uptick in perfusion not only increased the available oxygen but also delivered an array of genetic regulatory signals either to ovarian stem cells or to latent, senescent oocytes ([Figure 1](#f1-cerm-2019-03405){ref-type="fig"}). Either pathway was recognized as useful to correct upstream anomalies in the oocyte-toembryo transition, including ovarian stem cell differentiation, mitochondrial dynamics, mRNA storage, translation, and degradation.

Further research is underway to elucidate how cytokines produced by and isolated from activated platelets impact chromosomal competency during oogenesis. Related experimental *in vitro* research in dental surgery has identified PRP-promoted cell-specific migration, proliferation, and tenogenic differentiation after upregulation of scleraxis in oral target tissue \[[@b27-cerm-2019-03405]\]. Gene expression patterns specific to tissue maturation were mimicked in PRP-treated cartilage; these patterns included downregulation of collagen types II and X and upregulation of deiodinase II and netrin-1 \[[@b28-cerm-2019-03405]\]. In addition, PRP has been implicated as a regulatory mediator of CCAAT/enhancer binding protein β and E2F transcription factor 1 \[[@b29-cerm-2019-03405]\]. Corollary work with adult human ovarian tissue will help clarify the actions of plateletderived growth factors on oocyte genetics.

2. Ooplasm effects
------------------

Older ooplasm generally contains relatively few mitochondria, while older eggs engage in impaired fertilization and the embryos to which they contribute exhibit poor development, perhaps in part due to altered mitochondrial function \[[@b30-cerm-2019-03405]\]. Of note, a relatively high mitochondrial DNA copy number is often seen among aneuploid embryos \[[@b31-cerm-2019-03405]\], and this has been found to correspond to a relatively low chance of producing an ongoing pregnancy \[[@b32-cerm-2019-03405]\]. If enhanced oxygen perfusion after intraovarian injection of platelet-derived growth factors results in improved intrafollicular oxygen and better ooplasm quality, then the subsequent recovery of mitochondrial function could be another pathway by which ploidy rescue of blastocysts is attained.

Conclusions
===========

The full range of factors causing ovarian insufficiency may never be known at the molecular level, but oxygen perfusion likely plays an outsized role. The fact that women who smoke experience menopause earlier than matched non-smoking controls illustrates the catastrophic results of oxygen starvation on the ovary \[[@b33-cerm-2019-03405]\]. Our approach embraces this concept with the goal of filling a crucial deficiency, aiming to diminish the need for both donor oocytes and conventional hormone replacement therapy \[[@b34-cerm-2019-03405]\].

Follicular vascularity and oxygen content in the microenvironment of the developing oocyte are increasingly recognized as critical determinants of egg competence. Insufficient oxygenation from dampened follicular perfusion results in oxidative stress and tissue injury, which translates to developmental disturbances throughout the oocyte. The angiogenic features of platelet-derived cytokines may assuage ovarian hypoxia by facilitating improved vascularity concurrent with the correction of dysregulated gene function. Initial reports have shown that intraovarian injection of PRP and/or platelet-derived growth factors (as a cell-free substrate) can bring reproductive outcomes once thought impossible, including healthy live births, within reach.

Interestingly, downregulation of genes that control DNA repair and damage response pathways may result from antecedent hypoperfusion injury before birth. The developing ovary is highly sensitive to such gestational hypoxia, with implications for the fertility of nextgeneration offspring \[[@b35-cerm-2019-03405]-[@b37-cerm-2019-03405]\]. Exposure to chronic hypoxia during fetal development accelerates ovarian aging and decreases reserve in adulthood. While synthetic gonadotropins used for follicular recruitment are an important component of advanced reproductive technologies, these medications represent pharmacological brushstrokes on a blank ovarian canvas. Platelet-derived growth factors, when applied appropriately, seem to prepare the field to optimize controlled ovulation induction. Additional investigation focusing on the ovary (including ovarian stem cells) is needed to define which platelet-derived signals are most involved in oocyte replenishment and ploidy rescue, thereby offering new methods to make IVF successful for those patients with the lowest ovarian reserve. Further studies of the ovarian germline stem cell niche and its requisite regulatory inputs promise to yield valuable insights into reproductive aging.
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![Proposed mechanism of action for platelet-derived growth factors inserted into ovarian tissue affected by hypoperfusion. In the absence of vascular relief secondary to signaling which facilitates improved O~2~ delivery, compromised follicular circulation leads to nuclear and cytoplasm pathology in oocytes. Relevant mediators in platelet releaseate include Interleukin-1β (IL-1β), an inflammatory marker involved in cell growth, differentiation, and programmed death; IL-8 which initiates angiogenesis, perfusion, and movement to injury/infection sites; platelet factor 4 (PF4) central in directing platelet aggregation and antimicrobial activity; ligand of CD40 (CD-40L), an inflammatory signal for platelets, leukocytes, and endothelium; regulated after activation of normal T-cell expressed and secreted (RANTES) which attracts monocytes; transforming growth factor beta (TGF-β), a transcription activator modulating genes for differentiation, chemotaxis, and proliferation and activation of immune system cells; vascular endothelial growth factor (VEGF), a signal protein stimulating blood vessel formation; insulin-like growth factors a protein group required for cell stimulation; platelet derived growth factor, critical to blood vessel growth from adjacent capillaries, mitogenesis and proliferation of mesenchymal cells including fibroblasts, osteoblasts, tenocytes, vascular smooth muscle cells and mesenchymal stem cells; epidermal growth factor (EGF), a key messenger in cell proliferation, differentiation, and survival; basic fibroblast growth factor (bFGF), a mediator with mitogenic and cell survival activities including embryonic development, cell growth, morphogenesis, and tissue repair. Platelet expressed antigens include platelet endothelial cell adhesion molecule (PECAM), which removes aged neutrophils from circulation; P-selectin which contributes to initial recruitment of leukocytes to injury sites during inflammation; glycoprotein IIb/IIIa, part of the integrin complex found on platelets aiding in platelet activation; and glycoprotein Ib and IX (GPIb/IX) which binds von Willebrand factor, allowing platelet adhesion and platelet plug formation at sites of vessel injury. ROS, reactive oxygen species.](cerm-2019-03405f1){#f1-cerm-2019-03405}
